Transport of lactate, pyruvate and the ketone bodies acetoacetate and β-hydroxybutyrate, is mediated in most mammalian cells by members of the monocarboxylate transporter family (SLC16). A conserved signature sequence has been identified in this family, which is located in the loop between helix 4 and helix 5 and extends into helix 5. We have mutated residues in this signature sequence in the rat monocarboxylate transporter (MCT1) to elucidate the significance of this region for monocarboxylate transport. Mutation of R143 and G153 resulted in complete inactivation of the transporter. For the MCT1(G153V) mutant this was explained by a failure to reach the plasma membrane. The lack of transport activity of MCT1(R143Q) could be partially rescued by the conservative exchange R143H. The resulting mutant transporter displayed reduced stability, a decreased V max of lactate transport but not of acetate transport, and an increased stereoselectivity. Mutation of K137, K141 and K142 indicated that only K142 played a significant role in the transport mechanism. Mutation of K142 to glutamine resulted in an increase of the K m for lactate from 5 mM to 12 mM. In contrast with MCT1(R143H), MCT1(K142Q) was less stereoselective than the wild-type. A mechanism is proposed that includes all critical residues.
INTRODUCTION
Transport of lactate, pyruvate and the ketone bodies, acetoacetate and β-hydroxybutyrate, is of major physiological importance in almost all cells [1] . Transport of this class of substrates is mediated by a family of monocarboxylate transporters (MCTs, human/mammalian members grouped as SLC16), members of which can be found in organisms from bacteria to man [2] . They belong to the major facilitator superfamily, which has received the transporter classification number 2.A.1.13 (see http://tcdb. ucsd.edu/tcdb/). Despite its name, the family also comprises two members that transport aromatic amino acids and thyroid hormones [2] . MCT1 appears to be the archetypical monocarboxylate transporter. It is almost ubiquitously expressed and can mediate uptake as well as release of lactate. The kinetic properties of MCT1 have been investigated in detail due to its presence in erythrocytes and cultured cell lines [3, 4] . It mediates the concerted translocation of 1H + and a monocarboxylate anion by an ordered mechanism in which H + binding precedes monocarboxylate binding [5] .
The cloned MCT1 transporter has been investigated in Xenopus laevis oocytes [6, 7] . Those studies confirmed the basic mechanism of the transporter. The hydropathy plot of the transporter indicates a classical 12 transmembrane-helix structure, with both the N-and C-terminus being located intracellularly. The membrane topology of MCT1 has been probed with peptide-specific antibodies [8] . In general, it was found that MCT1 was highly stable against proteolytic digestion in intact erythrocytes, suggesting that extracellular loops are small and not exposed [8] . It could also be demonstrated that the C-terminus has a cytoplasmic location, and that the large putatively cytoplasmic loop between helix 6 and 7 is highly sensitive to proteolytic degradation in membrane preAbbreviations used: DIDS, 4,4 -di-isothiocyanostilbene-2,2 -disulphonate; G153V etc., mutation of amino acid Gly-153 to Val-153 etc. (for consistency, other specific amino acids are referred to by their single-letter code throughout); MCT, monocarboxylate transporter; pH i , intracellular pH; cRNA, complementary RNA. 1 To whom correspondence should be addressed (e-mail stefan.broeer@anu.edu.au).
parations, but not in intact erythrocytes. These findings confirmed the predicted two-dimensional topology of the transporter. A number of conserved motifs and residues have been identified in the monocarboxylate transporter family [9] . The sequence motif Figure 1 ). An arginine residue (R306) has been identified in helix 8 that is conserved in almost all members of the family and which is the only conserved charged residue in transmembrane regions of the MCT family. Functional analysis indicates that it is crucial for lactate binding and coupling of lactate transport to proton translocation [10] . The neighbouring aspartate (D302) cannot be replaced by other amino acids without causing complete loss of function. Substrate specificity appears to be affected by hydrophobic residues in helix 10. F360 of the rat MCT1 alters the specificity of the transporter, allowing mevalonate to be transported by MCT1 [10, 11] . Conversion of two exofacial lysines to glycine in the loop between helix 7 and 8 and the loop between helix 11 and 12 (K290 and K413) renders MCT1 resistant to covalent DIDS (4,4 -di-isothiocyanostilbene-2,2 -disulphonate) modification [12] , suggesting that these residues are in close proximity with the substrate translocation pore. It has also been found that monocarboxylate transport by MCT1 is sensitive to inhibition by pCMBS, whereas MCT2 is not [13, 14] , but the cysteine residue responsible has not been identified.
In this study we have investigated the significance of cationic and conserved amino acids in the signature sequence between helix 4 and helix 5. The results indicate that R143 and G153 are the only essential residues in this signature sequence and that movement of helix 5 during the transport cycle is essential. Analysis of the transport properties of the mutants also indicated The hydropathy plot of rat MCT1 was analysed and hydrophobic regions of sufficient length are depicted as transmembrane helices (only helix 4 and helix 5 are shown). Bold circles indicate residues that were mutated and investigated in this study. Positions of selected residues are indicated.
that the stereoselectivity is altered by mutation of residues in this loop.
MATERIALS AND METHODS

Plasmids and mutagenesis
MCT1, subcloned into oocyte expression vector pGEM-He-Juel, was used as described previously [6] . Site-directed mutagenesis was carried out using the Quick change site-directed mutagenesis kit (Stratagene, La Jolla, CA, U.S.A.) as recommended by the manufacturer. The following primers were used. Only sense primers are shown, mutated residues are shown in bold and the resulting amino acid substitutions are in parentheses):
5 -GGG TAC ACC CCC CCA AAT GGA GGC TGG GGC TGG-3 (D15N) 5 -ACT ATG ATT GGC CAG TAT TTC TAC A-3 (K137Q) 5 -AAG TAT TTC TAC CAG AAG AAG CCT TTG GCC AAT GGC-3 (K141Q) 5 -TAT TTC TAC AAG CAG AGG CCT TTG GCC AAT GGC-3 (K142Q)  5 -TC TAC AAG AAG CAA CCG CTA GCC AAT GGC CTG-3  (R143Q)  5 -TTC TAC AAG AAG AAA CCA CTC GCG AAT GGC CTG  GCT-3 (R143K)  5 -TC TAC AAG AAG CAC CCG CTA GCC AAT GGC CTG-3  (R143H)  5 -TTC TAC AAG AAG GAA CCG CTA GCC AAT GGC CTG-3 (R143E)  5 -G GCC AAT GGC CTC GCG ATG GCA GTC AGC CCA  GTG TT-3 (G153V)  5 -C TCC GTA TTG TTC CGG ACG TTG ATG GA-3 (E369R)  5 -AAG TAT TTC TAC CAG CAG CGA CCA TTG G-3 (K141Q  + K142Q) 5 -ACT ATG ATT GGC CAG TAT TTC TAC CAG CAG CGA CCA TTG G-3 (K137Q + K141Q + K142Q)
Although a high-fidelity polymerase was used in these reactions, three clones were tested for transport activity for every mutant to avoid second-site mutations. Mutations were verified either by cDNA sequencing or by restriction digestion if possible (silent mutations resulting in new restriction sites are underlined).
Oocytes and microinjection
Xenopus females were obtained from the South African Xenopus facility (P.O. Box 480, Knysna 6570, Rep. South Africa). Oocytes (stages V and VI) were isolated by collagenase treatment (collagenase A, EC 3.4.24.3; 0.21 unit/mg; Roche, Mannheim, Germany) as described previously [15] and allowed to recover overnight.
Plasmid DNA was linearized with NotI and transcribed in vitro with T7 RNA polymerase in the presence of the cap analogue P1-5 -(7-methyl)-guanosine-P3-5 -guanosinetriphosphate (m 7 G (5 )ppp(5 )G (Invitrogen, Groningen, The Netherlands) with the T7-mMessage mMachine Kit according to the protocol of the manufacturer (Ambion, Austin, Texas, U.S.A.). Oocytes were microinjected with 10 nl of wild-type or mutated rat MCT1 cRNA (complementary RNA) in water at a concentration of 1 µg/µl, by using a microinjection device (WPI Instruments, Sarasota, Florida, U.S.A.).
Recording of intracellular pH (pH i ) values
Double-barrelled pH-sensitive microelectrodes to measure pH i and membrane potential, were prepared as described previously [7, 16] . Briefly, the electrodes were pulled in two stages and silanized by placing a drop of 5 % tri-N-butylchlorosilane in 99.9 % pure carbon tetrachloride to fill the prospective ion-selective barrel and then baking the pipette on a hot plate at 475
• C for 4.5-5 min.
For pH-selective microelectrodes a small amount of H + cocktail (Fluka 95291) was backfilled into the tip of the silanized barrel and the remainder filled with 0.1 M sodium citrate, pH 6.0 (titrated with HCl). The reference barrel was filled with 3 M KCl. Electrodes were accepted for experiments if their response exceeded 50 mV per unit change in pH; on average they responded with a change of 54 mV to a change in pH by one unit. The central and the reference barrels were connected by chlorided silver wires to the headstages of an electrometer amplifier.
Flux measurements
For each determination, groups of seven cRNA-or non-injected oocytes were washed twice with 4 ml of ND96 buffer (96 mM NaCl, 2 mM KCl, 1 mM MgCl 2 , 1.8 mM CaCl 2 , and 5 mM Hepes, titrated with NaOH to pH 7.0 unless stated otherwise) before incubation at 23
• C in a 5 ml polypropylene tube containing 70 µl of the same buffer supplemented with 5 kBq L-[U- 14 For preparation of membranes, 15 oocytes were homogenized in 1.1 ml of homogenization buffer [50 mM Tris/HCl, 10 mM NaCl, 1 mM EDTA, 1 mM Pefabloc (Roche, Mannheim, Germany) and titrated with HCl to pH 7.5] by trituration using a tip (1 ml) of an automatic pipette. The homogenate was subsequently centrifuged at 2000 g for 10 min at 4
• C to remove cell debris. The supernatant (1 ml) was transferred to a microcentrifuge tube and was centrifuged for 30 min at 140 000 g at 4
• C to separate out the membranes. The pellet was dissolved in SDS sample buffer and subjected to SDS/PAGE (12 % gel).
To determine plasma membrane expression, 15 oocytes were washed three times with 4 ml of ice-cold PBS, pH 8.0. Subsequently oocytes were incubated in 0.5 ml of sulpho-NHS-lcBiotin (0.5 mg/ml; Pierce, Rockford, U.S.A.) solution in PBS for 10 min at 23
• C. The reagent was removed by washing oocytes four times with 4 ml of ice-cold PBS, pH 8.0. Subsequently oocytes were lysed by incubation in 1 ml of lysis buffer (150 mM NaCl, 20 mM Tris/HCl, pH 7.5, and 1 % Triton X-100) for 30 min on ice. The lysate was centrifuged at top speed in a tabletop centrifuge for 15 min at 4
• C and the supernatant was mixed with 30 µl of Streptavidin-coated agarose particles (Pierce, Rockford, U.S.A.). The suspension was incubated at 4
• C overnight with slight agitation. Agarose particles were washed four times with 1 ml of lysis buffer and the pellet subsequently resuspended in 10 µl of SDS/PAGE sample buffer. Samples were boiled for 5 min and an aliquot of 30 µl of each was loaded on to the gel.
After gel electrophoresis, proteins were blotted onto nitrocellulose membranes. MCT1 was detected using an anti-peptide antibody at a 1:4000 dilution that was raised against a mouse MCT1 peptide and which has been characterized previously [17] . Antibody binding was detected by enhanced chemiluminescence using the ECL ® system, according to the manufacturers instructions, using the provided secondary antibody at a dilution of 1:5000 (Amersham Biosciences).
Data analysis
For the determination of kinetic parameters, non-linear regression algorithms of Microcal Origin software (Microcal Software, Inc.; Northampton, U.S.A.) were used. When using pH-sensitive microelectrodes, single oocytes were superfused with complete sets of substrate concentrations. Initial slopes of pH responses to substrate addition were used to calculate K m and V max for individual oocytes. These were subsequently averaged to determine the final mean K m + − S.D. from several oocytes (number of oocytes indicated by n). For radioactive-flux measurements each individual datapoint represents the difference between the mean + − S.D. uptake activity of n expressing and n non-injected oocytes (usually n = 7). The S.D. of the difference was calculated by Gauss' law of error propagation [18] .
RESULTS
The loop between helix 4 and helix 5 contains three lysine residues and one arginine residue. Among these residues K141, K142 and R143 are well-conserved in most members of the MCT family.
The only other well-conserved residue close to this loop is G153 in helix 5 ( Figure 1 ).
To test the significance of the loop between helix 4 and helix 5 and the beginning of helix 5, the following mutants were generated: K137Q, K141Q, K142Q, R143Q and G153V. As a first screening, all mutated cDNAs were injected into Xenopus oocytes and the kinetic constants of lactate transport were compared with those of the wild-type (Table 1) . Of the five residues only R143 and G153 were essential for transport. Transport activity of R143Q and G153V was too low to be evaluated. In oocytes expressing an R306Q mutant, which we have analysed previously [10] , proton transport was still detectable at high extracellular lactate concentration, although uptake of labelled lactate was not significantly higher than in non-injected oocytes. However, neither R143Q-nor G153V-expressing oocytes displayed significant changes in pH i upon superfusion with lactate or pyruvate at high concentration ( Figure 2 ). It was noted in some experiments that G153V-expressing oocytes had a more alkaline resting pH but, in other experiments, pH i was similar to non-injected oocytes. All mutants were translated in significant amounts in Xenopus oocytes (Figure 3 ). Surface biotinylation experiments revealed that plasma-membrane expression of R143Q was significantly reduced compared with the wild-type, whereas G153V was undetectable in the plasma membrane ( Figure 4 and Table 1 ).
The kinetic constants of mutant transporters K137Q and K141Q were similar to those of the wild-type (Table 1) , however, it was noticed that K142Q displayed a significantly higher K m value than the wild-type (12 + − 2 mM vs 5 + − 1 mM; Figure 5A ). The pH-dependence of lactate transport remained unchanged in all three mutants (Figure 6 ), indicating that proton binding and the associated increase of lactate affinity was not disturbed. The loop between helix 4 and helix 5 is localized on the cytosolic side of the membrane. To test whether kinetic parameters might have changed more dramatically on the inside, we determined the extent of trans-stimulation of lactate uptake by preloading oocytes for 20 min with 20 mM lactate. The extent of trans-stimulation in the mutants, however, was similar to that observed in the wildtype (Table 2 ). In agreement with an increased K m for lactate we found that efflux of preloaded lactate was slightly decreased in the mutant ( Figure 5B ). When analysed as a first order reaction, the efflux rate constant was reduced from 0.09 + − 0.02 min to 0.07 + − 0.02 min −1 . In agreement with the observed transport activities, similar amounts of the K137, K141 and K142Q proteins were produced ( Figure 3 ) and expressed at the plasma membrane ( Figure 4 ) as wild-type MCT1.
The increase of the K m value in the K142Q mutant indicated a possible involvement of this residue in substrate recognition. As K142Q is very close in the primary structure to K141 and K137, we wondered whether a combined mutation of all three residues might result in a more conspicuous phenotype. Both the double mutant K141Q/K142Q (2KQ in Figures 3 and 4) and the triple mutant K137Q/K141Q/K142Q (3KQ in Figures 3 and 4) had transport activities that matched, or even exceeded, that of the wild-type and were expressed in the membrane (Table 1 and Figures 3 and 4) . The affinity of lactate for the mutated transporter remained decreased. For the double mutant K141Q/K142Q and the triple-mutant K137Q/K141Q/K142Q, K m values of 10 + − 3 mM and 14 + − 3 mM respectively were determined. These results suggested that K142 was the major determinant for the shift of the K m . The increase of the K m value in the triple-mutant was compensated for by an increase in the V max , although surface expression was less than that of the wild-type (Figure 4) .
The K m of L-lactate in the K142Q mutant was close to the K m of D-lactate for the MCT1 wild-type transporter. Thus we analysed whether mutation of K142 might have an effect on Oocytes were each injected with 10 ng cRNA encoding wild-type (wt) or mutated MCT1 (mutation as indicated) or remained uninjected (n.i.). After an expression period of 4-6 days 15 oocytes were homogenized and membranes were isolated by high-speed centrifugation. Pellets were dissolved in SDS sample buffer and proteins separated by SDS polyacrylamide gel electrophoresis. Proteins were transferred onto nitrocellulose membranes and detected with anti-peptide antibodies. Apart from the major MCT1-specific band (arrow), the antibody also recognised other proteins, which were present in non-injected oocytes and thus have to be considered non-specific. 2KQ, double mutant K141Q + K142Q; 3KQ, triple mutant K137Q + K141Q + K142Q.
Figure 4 Expression of MCT1 mutants in the plasma membrane
Oocytes were each injected with 10 ng cRNA encoding wild-type (MCT1) or mutated MCT1 (mutation as indicated) or remained uninjected (ni). After an expression period of 4 days groups of 14 oocytes were incubated with biotin-conjugated succinimide ester to label surfaceexposed lysine residues. Subsequently, oocytes were lysed and biotinylated protein was bound to streptavidin-agarose. The biotinylated proteins were separated by SDS/PAGE and MCT1 was detected after Western blotting using a MCT1-specific antibody. 2KQ, double mutant K141Q + K142Q; 3KQ, triple mutant K137Q + K141Q + K142Q. Samples from non-injected (ni) oocytes are separated by an empty lane from samples of MCT1-expressing oocytes.
stereoselectivity by determining the K m of D-and L-lactate transport in the K142Q mutant and in the wild-type (Table 3) . Although stereoselectivity was not lost in the mutant we found Oocytes were each injected with 10 ng cRNA encoding wild-type (WT) or mutated MCT1 (K142Q) or remained uninjected. After an expression period of 4-7 days uptake of L-lactate was analysed at different concentrations to determine kinetic constants (see Table 1 ) of lactate transport (A). The transport activity of non-injected oocytes is already subtracted. For lactate efflux (B) oocytes were injected in ice-cold buffer with 50 nl L-[ 14 C]lactate plus unlabelled lactate at a final concentration of 100 mM. Efflux was initiated by washing oocytes with buffer at ambient temperature. Samples were taken from the supernatant of 7 oocytes. As a result, standard deviations cannot be presented. The efflux activity was similar in two different oocyte batches.
that the ratio of the K m values of D-over L-lactate dropped from approx. 3-fold to 2-fold.
The R143Q mutant could not be characterized because of its low activity. To rescue the mutant we generated conservative replacements by lysine and histidine. The R143K mutant did not show any activity, the R143H mutant, however, had transport activities ranging between 5 % to 58 % of that of the wild-type. The large deviation of transport activities between different clones of the same mutation was unusual and was thus investigated further. It has been reported that mutations resulting in trafficking defects can be partially overcome by increasing the amount of injected RNA [19] . Increasing the amount of injected cRNA from 10 ng to 20 ng resulted in a 24 % increase of the transport activity in MCT1 wild-type-expressing oocytes, suggesting that protein synthesis and/or trafficking is largely saturated by injection of
Figure 6 pH dependence of lactate transport in MCT1 mutants
Oocytes were each injected with 10 ng cRNA encoding MCT1 mutants (K137Q, K141Q, K142Q) or remained uninjected. After an expression period of 4-6 days uptake of L-[ 14 C]lactate (100 µM) was determined at different pH over a time period of 7 min. The transport activity of non-injected oocytes has been subtracted.
10 ng MCT1 cRNA. For the three individual clones of the R143H mutation, however, stimulation of lactate uptake activity by 70 %, 266 % and 110 % was observed, supporting the notion of a trafficking problem. In further support of a role for this residue in protein trafficking we found different levels of surface expression associated with the different substitutions in R143 (Figure 4 ). The lowest surface expression was observed in the inactive R143Q mutant. Expression of wild-type MCT1 in Xenopus oocytes is very stable. After an increase in the transport activity over the first 4 days, no decline was observed over the next 3-4 days. The transport activity of the R143H mutant, compared with the wildtype, reached 19 % on day 3, increased to 39 % on day 4 but subsequently declined to 26 % on day 5 and 20 % on days 6 and 7. Thus, it appears that in oocytes the R143H mutant is less stable than the wild-type.
The partial rescue of the transport defect in the R143H mutant allowed a kinetic analysis of the mutant. For lactate, a K m of 5 + − 1 mM was determined, which was identical to that of the wild-type. To investigate the substrate specificity of the R143H mutant we determined lactate uptake (0.1 mM) in the presence of an excess of unlabelled monocarboxylates (10 mM) (Figure 7) . A comparison of the inhibition pattern of the mutant with the wild-type revealed that most monocarboxylates inhibited the mutant less strongly than the wild-type with the notable exception of pyruvate, acetate and 2-ketoisocaproate. The change of substrate specificity was confirmed by measuring initial pH changes induced by MCT1 substrates (Table 4 ). To compensate for the different maximum velocities in both groups, the acidification induced by 10 mM L-lactate was set to 1 and pH changes elicited by other substrates were compared with it. Cytosolic acidification induced by formate, D,L-hydroxybutyrate and D-lactate was significantly slower in MCT1(R143H)-expressing oocytes when compared with the pH change induced by the same substrates in MCT1-expressing oocytes. Acidification induced by acetate and pyruvate, on the other hand, were similar in both groups (Table 4 ). The differences in the selectivity between L-and D-lactate suggested a change in stereospecificity in the R143H mutant. An increase in stereospecificity was confirmed by determination of the K m value for D-lactate, which increased from 16 + − 6 mM in the wild-type to 24 + − 4 mM in the mutant (Table 3) , whereas the K m for L-lactate remained unaltered. We also determined kinetic constants of acetate transport, which appeared unaffected by the mutation. In agreement with the competition experiments, K m values of acetate transport of 1.6 + − 0.4 mM and 2 + − 0.6 mM were determined for the wild-type and the mutant, respectively ( Figure 8A) . Surprisingly, V max of acetate transport was the same in the mutant and in the wildtype, whereas the V max of lactate transport in the mutant never exceeded 40 % of the maximum velocity of the wild-type (Figure 8B) . These results suggested that the mutation R143H affects both protein stability and kinetic properties of the transporter.
The lack of stability of the R143H mutant raised the possibility that this residue might form a charge pair with a negatively charged residue in the protein, thus stabilizing its structure. The only two residues that have a suitable position in the proposed secondary structure of MCT1 are the highly conserved residue D15 at the entry of helix 1 and E369 at the end of helix 10. The mutant D15N had a similar K m and pH dependence as the wildtype (Table 1 and Figure 9A ), suggesting that D15 was unlikely to form a charge pair with R143 or to participate in proton transport. However, D15N had a significantly reduced V max after 4 days of expression (Table 1) and there was a notable delay in expression when transport activity was recorded over a period of 5 days after injection, suggesting a trafficking defect ( Figure 9B ). The delayed expression was paralleled by a significantly reduced surface expression of the D15N mutant (Figure 4) . Mutation of E369R, on the other hand, resulted in an inactive transporter ( Figure 10A ). Significant amounts of the protein were produced ( Figure 10B ), but surface expression was much lower than that of the wild-type (Figure 4) . The double mutant R143E/E369R was found to be inactive as well, although significantly more protein was produced (Figures 10A and 10B) . The low-level of expression observed in the R143E mutant further supports the involvement of R143 in protein stability and/or folding.
In summary it appears that the signature motif between helix 4 and helix 5 is involved in several functions, such as conformational movements, protein stability, trafficking and stereoselectivity. However, it is unlikely to directly participate in substrate translocation.
DISCUSSION
In this study we have analysed the significance of a conserved signature sequence that is found in members of the SLC16 Oocytes were injected with 10 ng cRNA encoding wild-type (wt) or mutated MCT1 (mutation as specified) or remained uninjected (n.i.). After an expression period of 4-6 days L-[
14 C]lactate uptake activity was determined over an incubation period of 5 min (A). From the same batch, 15 oocytes were homogenized and membrane proteins were isolated for Western blotting (B). Proteins were transferred onto nitrocellulose membranes and detected with anti-peptide antibodies. Apart from the major MCT1-specific band (arrow), the antibody also recognised other proteins, which were present in non-injected oocytes and thus have to be considered non-specific.
family of monocarboxylate transporters and constitutes the loop between helix 4 and helix 5 and the beginning of helix 5: [1] . Given that MCT1 is an anion-proton cotransporter we focused our attention on the analysis of the positively charged residues in the conserved loop between helix 4 and helix 5 and the highly conserved glycine residue at the end of the motif. Of the residues tested in this loop only two were found to be essential for transport function, namely R143 and G153.
Glycine residues in transmembrane helices are generally thought to provide flexibility, because of the freedom of rotation of the and ϕ bonds in the peptide backbone [20] . Replacement of glycine by a bulkier residue limits the flexibility causing the helix to become more rigid. It is tempting to speculate that G153, which is located halfway through the membrane in helix 5, has such a function and that mutation of this residue renders the helix inflexible. An alternative explanation, particularly for the striking absence of the G153V mutant from the plasma membrane, is an involvement of helix 5 in interactions with the trafficking subunit CD147 that some monocarboxylate transporters require for surface expression [21] .
The second essential residue in this sequence is R143. The only conservative replacement that resulted in a partial rescue of the activity was R143H, whereas both R143K and R143Q remained inactive. Our results indicate several functions for residue R143. Four observations indicate a role in protein stability and trafficking: (i) expression levels of the R143H transporter varied widely between different concentrations of cRNA, (ii) activity of the transporter decreased relative to the wild-type after the fourth day of expression, which is rather unusual for expression in Xenopus oocytes (results not shown), (iii) expression levels increased significantly by increasing the amount of injected RNA, which is an indicator of trafficking mutants ( [19] and results not shown), and (iv) replacement of R143 by glutamine, lysine or histidine resulted in different levels of surface expression.
Ion pairs are known to play a role in helix packing and thus are important for protein stability and trafficking [22] . Because of the presumed role of R143 in protein stability we tested whether R143 might form an ion pair with the highly conserved residue D15, located at the cytosolic end of helix 1, or E369 at the cytosolic end of helix 10. The wild-type-like K m and pH-dependence of the D15N mutation argues against a role of this residue in ion pair formation with R143. D15, nevertheless, appears to be important for protein trafficking, as suggested by its delayed surface expression. Moreover, trafficking defects are usually ameliorated in oocytes because of the low temperature used for oocyte storage (results not shown) and therefore it is likely that this mutant would not reach the plasma membrane when expressed in mammalian cells. The loss of activity in the E369R mutation further supports the important role of helix 10 in substrate transport [10, 11] . The double mutation MCT1(R143E/E369R), however, did not rescue the transport defect. This experiment does not exclude an interaction between both residues but demonstrates that formation of a charge pair alone cannot explain the role of R143.
A second set of experiments suggests an involvement of R143 in conformational changes during transporter turnover. Our results indicate that V max of acetate transport is identical in the R143H mutant and in the wild-type, whereas V max of lactate was strongly reduced. MCT1 is prone to trans-stimulation, which indicates that the conformational change of the empty carrier is the slowest step of the transport cycle. As a result, V max values of all substrates should be similar unless a different step is rate limiting. In the wild-type, V max of acetate is considerably slower than V max of lactate, suggesting that V max of acetate is indeed governed by a different mechanism, possibly the release of the substrate. The decrease of lactate V max combined with the lack of an effect on acetate V max indicates that R143H reduces the velocity of the return of the empty carrier. The differences observed between acetate and lactate transport in MCT1 versus R143H cannot be explained by non-ionic diffusion of acetate. Acetate is permeable to non-injected oocytes and causes acidification of the cytosol. At an extracellular pH of 7.0 the acidification, however, is slow (about 0.02-0.03 pH units/min). As a result, the change of the pH i caused by non-ionic diffusion will not exceed 0.1 pH unit during a 5 min uptake period. The most likely explanation is that helix 5 moves during the conformational change of the empty carrier, but may not directly participate in substrate translocation.
A third set of experiments suggested an involvement of residues R143H and K142Q in stereoselectivity. In the R143H mutant stereoselectivity was increased, whereas mutating K142 to glutamine decreased stereoselectivity. The effect is somewhat surprising because the loop between helix 4 and 5 is very likely to be localized intracellularly, whereas competition takes place on the exofacial side of the transporter. However, it has to be kept in mind that kinetic parameters of lactate transport are constrained by the Haldane relationship (V max /K m ) influx = (V max /K m ) efflux [2] . As a result, changes of kinetic constants for influx affect kinetic constants of efflux. In agreement with this notion we found a reduced efflux velocity in the K142Q mutant. The relationship between MCT1 kinetic parameters is also exemplified by the triple mutant K137Q/K141Q/K142Q. The increased K m of this Depicted are helices 5, 8 and 10, which contain residues that are essential for transport activity. R306 (R) in helix 8 is very likely involved in lactate binding. By exclusion of other residues it is proposed that D302 (D) and E369 (E) are involved in proton transport. Binding of monocarboxylates (MC, ellipsoid shape) to R306 may cause protons to move to E369, which disrupts a putative ion pair between E369 and R143. Lactate is released and the subsequent release of the proton initiates the return of the unloaded carrier to its original conformation, which involves movement of helix 5 (not depicted).
mutant is balanced by a similar increase of V max , rendering the ratio V max /K m almost constant.
Analysis of site-specific mutants of MCT1 have so far revealed five essential residues, namely R143, G153 (both helix 5), D302, R306 (both helix 8) and E369 (helix 10). This has to be seen in comparison with thirteen other residues that have been mutated in this and other studies, without altering transport activity to a large extent. Particularly, we could not identify any residue in transmembrane helices (e.g. C106, C188, C189, C336, H337, E391; [10] and results not shown) that would alter proton translocation, which suggests that D302 and E369 might be involved in this function. Involvement of E369 in proton binding would also explain why transport was not rescued in the double mutant R143E/E369R. Helix 8 and helix 10 on the one hand appear to be involved in substrate translocation and, possibly, in proton translocation as proposed in a previous study [10] ; helix 5 on the other hand is likely to undergo conformational changes during the transport cycle without being directly involved in substrate translocation. The loops between helices may serve as a filter region to select substrates. This is indicated by identification of DIDS binding residues in the loop TM7/TM8 and TM11/TM12 [12] and the altered stereoselectivity occurring through mutation of residues in the loop TM4/TM5.
The essential residues of MCT1 can be combined in a meaningful way to be in line with the kinetic mechanism of MCT1 ( Figure 11 ). Protons are initially bound to D302. Lactate binding to R306 interferes with proton binding to D302 causing the proton to move to E369, which, in turn disrupts its interaction with R143, causing the helices to rearrange. Helix 5 would not move during substrate translocation but during reorientation of the transporter. The proposed mechanism partially resembles the well-characterized transport mechanism of another member of the multifacilitator superfamily, the lactose permease LacY, the structure of which has very recently been resolved [23] . LacY is a H + -lactose cotransporter with the same binding order as MCT1. A comparison of both transporters indicates that D302 of MCT1 has a similar position to E269 of LacY, which is the proton acceptor site in the centre of helix 8. Secondly, substrate binding in LacY is incompatible with protonation of E269, causing the proton to move to a second acidic residue E325.
